The kidney filters vast quantities of Na at the glomerulus but excretes a very small fraction of this Na in the final urine. Although almost every nephron segment participates in the reabsorption of Na in the normal kidney, the proximal segments (from the glomerulus to the macula densa) and the distal segments (past the macula densa) play different roles. The proximal tubule and the thick ascending limb of the loop of Henle interact with the filtration apparatus to deliver Na to the distal nephron at a rather constant rate. This involves regulation of both filtration and reabsorption through the processes of glomerulotubular balance and tubuloglomerular feedback. The more distal segments, including the distal convoluted tubule (DCT), connecting tubule, and collecting duct, regulate Na reabsorption to match the excretion with dietary intake. The relative amounts of Na reabsorbed in the DCT, which mainly reabsorbs NaCl, and by more downstream segments that exchange Na for K are variable, allowing the simultaneous regulation of both Na and K excretion.
Introduction
Daily Na intake in the United States averages approximately 180 mmol (4.2 g) for men and 150 mmol (3.5 g) for women (1) . Because Na is an immutable ion, mass balance requires that an equal amount must be removed from the body daily to prevent inappropriate gains or losses of Na and its accompanying anions, chloride and bicarbonate. Because these ions are the prime determinants of extracellular fluid volume, maintenance of extracellular fluid volume, arterial blood pressure, and organ perfusion depends on control of body Na content.
Under most conditions, the kidneys excrete .95% of the ingested Na at rates that match dietary Na intake. Under steady-state conditions, this process is remarkably precise in both healthy and diseased kidneys, and determinations of excretion are used to estimate Na intake (e.g., in determining adherence to a prescribed dietary regimen). Recent studies have shown the presence of a sizable subcutaneous Na pool that is not in solution equilibrium with the freely exchangeable extracellular Na. Long-term observations suggest that cyclical release of Na from this pool can lead to excretion rates that deviate from Na intake (2) . The speed of achieving an intake/excretion match or a new steady state when Na intake varies is relatively slow; body Na content usually increases somewhat when Na intake increases and decreases somewhat when Na intake decreases (3) . These changes in body Na content and blood volume are the likely cause for the relation between Na intake and BP. In normotensive individuals, the effect of variations in daily Na intake on BP is small, about 2 mmHg for a 50% reduction in Na intake (4) . Nevertheless, such a reduction is associated with demonstrable health benefits, particularly in salt-sensitive persons, such as those with hypertension, patients with diabetes, African Americans, and individuals with chronic renal disease (4).
The precise adaptation of urinary Na excretion to dietary Na intake results from regulated processing of an ultrafiltrate of circulating plasma by the renal tubular epithelium. Perhaps the most striking aspect of this remarkable process is the gross inequality in the quantities of Na removed from plasma by ultrafiltration and those removed from the body by urinary excretion. The staggering mass of .500 g of Na is extracted daily from the plasma by ultrafiltration in order to excrete the ingested 3 g. The large filtered load results from the high extracellular Na concentration and the high rate of glomerular ultrafiltration. Whatever the evolutionary pressure behind this functional design may be, the necessity to retrieve almost all of the filtered Na before it reaches the urine represents a challenging regulatory and energetic demand that the tubular epithelium has to meet. Just as Na intake dictates the rate of Na excretion, Na filtration dictates the rate of Na reabsorption.
As much as 60%-70% of total Na reabsorption takes place along the proximal convoluted tubule (PCT) and proximal straight tubule, and because reabsorption is near isotonic in this part of the nephron, this is also true for the reabsorption of water. While the thin descending limbs of the loop of Henle absorb water, but not Na, another 25%-30% of the filtered Na is reabsorbed by the ascending portion of this loop, mostly the thick limbs (TALH). Thus, by the time the filtered fluid reaches the macula densa cells at the transition to the distal convoluted tubule (DCT), about 90% of the filtered Na has been retrieved. In quantitative terms, Na reabsorption, therefore, is mostly a function of the proximal nephron (proximal tubule and loop of Henle) while the DCT and the cortical (CCD) and medullary (MCD) collecting ducts contribute no more than 5%-10% of total Na reabsorption. Nevertheless, because of the magnitude of the rate of ultrafiltration, 10% of the total daily filtered load is still an amount that is in the order of the rapidly exchangeable extracellular Na (about 60 g). In fact, it is Na reabsorption along the distal nephron that is highly regulated, and failure of the distal nephron to reabsorb Na is generally more deleterious to Na homeostasis than proximal nephron malabsorption.
Rates and Mechanisms of Na Transport along the Nephron Proximal Tubule
The renal proximal tubule is a prototypical low-resistance epithelium characterized by low transepithelial voltage, high ion permeabilities, constitutively high water permeability, low transepithelial osmotic gradients, and near-isotonic fluid transport. Results from micropuncture studies indicate avid reabsorption of Na without measurable changes in Na concentration along the PCT. The magnitude of Na reabsorption per millimeter of nephron length in the rat is on the order of 300 pEq/min in PCT from superficial nephrons and even higher in PCTs from juxtamedullary nephrons. Transport rates along the proximal tubule decrease substantially with distance from the glomerulus, and this is accompanied by reductions in the number of mitochondria and the extent of surface membrane amplification both apically and basolaterally. For example, micropuncture studies have shown that fluid and, presumably, Na reabsorption in the rat fell by 75% over the initial 5 mm of proximal tubule length (5) . As discussed in a previous article in this series, all Na absorption in the PCT is driven directly or indirectly by the action of the basolateral Na,K-ATPase (6) . Active translocation of Na creates driving forces for Na-dependent cotransport and ion exchange, as well as diffusive gradients for paracellular ion movement. Quantitatively, apical Na/H exchange mediated by NHE3 is the most important reabsorptive mechanism. It mediates NaHCO 3 uptake, generates an electrochemical gradient for paracellular salt absorption, and operates in tandem with Cl/base exchange in the later part of the proximal tubule. Active transport, electrodiffusion, and solvent drag each contribute approximately one third to total Na reabsorption in the proximal tubule (7) .
The discovery of claudin2 as a tight junction protein highly expressed along the PCT has greatly improved the understanding of the paracellular shunt properties in this part of the nephron. Expression studies in Madin-Darby canine kidney cells and the use of claudin2-deficient mice strongly indicate that claudin2 provides a cation-selective and water-permeable paracellular conductance in the PCT (8) (9) (10) (11) ). Claudin2 appears to be a major molecular contributor to the low-resistance properties of the proximal epithelium.
The contributions of Na-dependent cotransporters linked to glucose, phosphate, amino acids, lactate, and other molecules to apical Na uptake are small. For example, with a glucose-to-Na stoichiometry of 1:1 and complete glucose reabsorption along the PCT, ,5% of Na uptake along the PCT would be mediated by the Na/glucose cotransporter SGLT2.
Loop of Henle
The loop of Henle is heterogeneous, consisting of the thin descending limbs, the thin ascending limbs, and TALH. Thin descending limbs are inhomogeneous in both structural and functional aspects and also vary substantially between species. Generalizable characteristics include a very high water permeability due to the presence of AQP1, low permeabilities for Na and urea in the outer medulla with increasing values in the inner medulla, and very low levels of Na,K-ATPase activity throughout (12) . Thus, this segment is unlikely to contribute measurably to renal Na retrieval. Its function is to be seen in the context of the renal concentrating mechanism. Thin ascending limbs reabsorb some Na, but because Na,K-ATPase levels are also very low, this absorption is presumably passive. Compared with the thin descending limbs of the loop of Henle, thin ascending limbs are more permeable to Na and urea and have 100-fold lower water permeability (12) .
In contrast, TALH is a major Na-reabsorbing segment accounting for about 25%-30% of renal net Na retrieval. The Na/K/2Cl cotransporter NKCC2 and NHE3 are the predominant mechanisms of Na transport in the TALH (13) . Na reabsorption in the absence of measurable water permeability is an essential prerequisite for the ability of the kidney to osmotically concentrate the urine above isotonicity (12) .
Macula densa (MD) cells, a subset of 15-25 cells per nephron at the distal end of the TALH, share most transport properties with proper TALH cells even though they are distinct in other aspects. Na uptake is mostly through the A and B isoforms of NKCC2 with some contribution of NHE2, while Na extrusion is mediated by Na,K-ATPase. K recycling across apical renal outer medullary K channel and basolateral exit of Cl through a Cl channel also mimic TALH properties. In MD cells, enhanced uptake through NKCC2 is coupled to the generation of a vasoconstrictor signal to the afferent arterioles that mediates the tubuloglomerular feedback response (14) . This signal entails the release of ATP into the juxtaglomerular interstitium and the subsequent generation of the nucleoside adenosine that constricts afferent arterioles through activation of A1 adenosine receptors. Furosemide and other NKCC2 inhibitors interrupt the MD signaling pathway and, therefore, uncouple the elevated NaCl concentrations from their constrictor effect on the preglomerular vasculature (15) . The absence of a tubuloglomerular feedback-mediated suppression of GFR enhances the natriuretic effect of furosemide and the salt-losing phenotype of disease-causing mutations of NKCC2.
Distal Convoluted Tubule
Micropuncture measurements indicate that about 8%-10% of filtered Na enters the initial 20% of the distal convoluted tubule (16) (17) (18) . At the most distal site that is accessible to micropuncture-just before the first coalescence of tubules to form the collecting duct-about 0.5%-2% of the filtered load remains in the urine. Thus, this part of the nephron reabsorbs 6%-10% of the filtered Na. However, the DCT as defined by these micropunctureaccessible points is heterogeneous, consisting of several different segments that can be distinguished anatomically as DCT1, DCT2, and the connecting tubule (CNT) (19) .
The mechanisms of Na transport are different in the "early" or more proximal DCT (mainly DCT1) and in the "late DCT" (DCT21CNT). In the early DCT, Na reabsorption is largely sensitive to thiazide diuretics, implicating the NaCl-cotransporter NCC. In addition, this segment can reabsorb HCO 3 2 through an Na-H exchange process mediated by NHE2 (20) , although this accounts for only about 10% of Na reabsorption in the DCT (21, 22) . In the late DCT, Na reabsorption is sensitive to amiloride (16), indicating transport through the epithelial Na channel (ENaC). A limited number of measurements of isolated perfused CNTs of rabbits (23, 24) , as well as patch-clamp measurements in rats and mice (25, 26) , are in accord with this picture. Immunocytochemistry has confirmed the physiologic and pharmacologic data in that NCC expression diminishes in the distal direction (from DCT1 to DCT2 to CNT) while that of ENaC increases (27) .
Collecting Duct
The collecting duct, which is divided into the CCD, outer medullary collecting duct (OMCD), and inner medullary collecting duct (IMCD), handles only about 1% of filtered Na according to micropuncture analysis. However, transport of Na here is remarkable for two reasons. First, it is highly variable, helping to match Na excretion with Na intake. Second, the collecting duct can reduce urine Na concentrations to very low levels (,1 mM), establishing large transtubular Na gradients.
CCDs from rats fed normal chow transport very little Na in vitro (28, 29) . However, if the animals are pretreated with an Na-deficient diet or with mineralocorticoids, net fluxes of 35-100 pEq/mm per minute can be measured. Direct measurements of ENaC activity in principal cells suggest that Na channels form the apical entry step in these segments (25, 30, 31) . Recent work has indicated that the Nadependent Cl-HCO 3 exchanger (SLC4A8), operating in parallel with the Cl-HCO 3 exchanger pendrin, may provide an alternative pathway (32) . Na channel densities are similar in the rat CCD and OMCD (33) , indicating that transport capacities are similar in these two segments. In the rabbit, however, Na transport rates in the OMCD were lower (34) .
Na transport in the IMCD is controversial. Although one study of isolated IMCD segments detected no net Na transport (35), others have found robust Na reabsorption (up to 140 pEq/mm per minute) (36, 37) . In the latter case, the transport mechanism differed from that of the rest of the collecting duct in that it was not associated with a negative lumen voltage. It was inhibited by the loop diuretic furosemide, consistent with a role of the triple cotransporter (NKCC2) as in the TALH. Finally, studies of the IMCD in situ using split-drop techniques (38) or microcatheterization (39) indicated even larger transport rates of up to 240 pEq/mm per minute, similar to those in the DCT. This reabsorption was partially inhibited by amiloride and sensitive to the mineralocorticoid state of the animal, similar to that in the CCD. However electrophysiologic measurements suggested a low ENaC activity in these segments (33) . Thus, the rate and mechanism of Na reabsorption in the IMCD, as well as its role in Na homeostasis, are uncertain.
Urine Na Concentration
Rats fed a diet very low in Na can reduce the concentration of Na 1 in urine to ,1 mM. Humans are also capable of this degree of Na 1 scavenging, as illustrated by the Yanomamo people of the Amazon basin whose diet is nearly devoid of Na and whose urinary Na excretion rates are ,1 mmol/d (40) . How and where this very dilute salt solution is produced is not entirely clear. The rabbit CCD is able to reduce luminal Na 1 concentration to approximately 10-15 mM in vitro from an initial perfusate with 140 mM under conditions of very low flow rates (41) . Further reductions of these levels could occur in the OMCD and IMCD if the paracellular resistance is sufficiently large to maintain Na gradients of this magnitude. In fact, measurements of IMCD segments in vitro indicate rather high rates of Na leak (approximately 100 pEq/min per millimeter) and low transepithelial resistance (about 50 V per cm 2 ) (35, 37, 39, 42, 43) . In contrast, epithelia known to produce or sustain very large Na concentration gradients, such as urinary bladder, have much higher junctional resistances (44) (45) (46) . It is possible that the observed leak conductances in the IMCD result from tissue damage during the preparation or perfusion procedure. Alternatively, transport rates would need to be very high to maintain low Na concentrations in the relatively leaky tubules.
Flow Dependence of Na Transport
A basic form of communication between parts of the nephron is through changes in Na delivery that result from changes in GFR for the proximal tubule, and from changes in reabsorption in an upstream segment in all other parts of the nephron. In general, a change in delivery provokes a change in downstream absorption in the same direction, thereby blunting the effect of changes in Na input on the output to the downstream segment.
Proximal Tubule-Glomerulotubular Balance
Na reabsorption in the proximal tubule is highly and directly dependent on the rate of filtration, a phenomenon referred to as glomerulotubular balance (GTB). Adapting reabsorption to filtration has the dual function of minimizing Na and fluid losses when GFR increases, and of preventing cessation of tubular flow with decreasing GFR. The term GTB originally defined the relation between GFR and total urinary Na excretion (47) . Numerous studies have shown that changes in GFR are accompanied by nearly proportional changes in tubular reabsorption so that Na excretion and fractional Na reabsorption, the reabsorption rate expressed as percentage of filtered rate, change very little with decreases or increases of GFR (48, 49) .
The existence of GTB in the PCT has been shown in numerous micropuncture and microperfusion studies in which variations of GFR were spontaneous or were induced by experimental interventions, such as reductions of renal perfusion pressure. The degree of GTB was often nearperfect, although some deviations from proportionality have been observed during low GFRs (48, 50, 51) . Although GTB in the PCT is a robust and easily demonstrable phenomenon, its explanation has remained a challenge. Studies in intact animals support the notion that flow dependence of proximal fluid reabsorption is the result of changes in physical forces, such as hydrostatic and oncotic pressures in the peritubular capillary bed. Changes in proximal fluid reabsorption that correlate positively with changes in peritubular net absorption pressure have been observed during reduction of renal perfusion pressure, extracellular volume expansion, renal venous pressure elevation, and arterial hypertension (52) (53) (54) (55) .
An alternative explanation posits that reabsorbed substrates linked to Na reabsorption, such as glucose, amino acids, organic acids, and bicarbonate, are depleted faster along the proximal tubules at low, compared with high, flow rates, and that this would create flow dependence of Na uptake (56, 57) . Finally, studies in perfused tubules under a variety of conditions seem to indicate that tubular flow rate per se, independent of peritubular force variations or compositional changes, can directly affect Na and fluid reabsorption (58) . In recent studies, flow-dependent reabsorption could be described by a model in which the bending moment or torque at the level of the microvilli acts as the signal for reabsorption (59) . This is supported by the observation that increasing perfusion fluid viscosity, and, therefore, fluid shear stress, was associated with increased reabsorption over the entire flow range studied. In cultured proximal tubule cells, exposure to shear stress induces trafficking of NHE3 to the apical membrane, and this process can be prevented by disruption of cytoskeletal organization (60) . Whether the central cilium, an epithelial cell organelle with the demonstrated ability to function as a flow sensor in a number of cells, could be involved in the regulation of proximal tubular reabsorption is an interesting but untested possibility.
Tubuloglomerular Feedback
Reabsorption of the filtered Na load along the proximal tubule in proportion to GFR implies that rates of Na and fluid escaping absorption will also change in proportion to their rates of filtration. Thus, despite GTB, delivery to the tubular segments beyond the proximal tubule will increase whenever GFR increases. Furthermore, GTB would be unable to compensate for a primary impairment of proximal Na reabsorption due to transporter malfunction or dysregulation. Thus, Na homeostasis would be well served by a mechanism that senses an increase in NaCl delivery to the late nephron and would use this information to initiate a counterregulatory response. Extensive research has established that the MD cells situated near the transition from the TALH to the DCT act as sensors of NaCl concentration, and that their output affects the tone of the afferent glomerular arterioles and, therefore, GFR (14) . The assignment of the MD cells to this specific role is based on the cyto-architectural feature of a consistent and close anatomic contact between MD cells and glomerular arterioles in a region called the juxtaglomerular apparatus ( Figure 2) . As discussed below, NaCl concentration at the site of the MD cells is an indicator of GFR or of flow rate at the end of the proximal tubule because tubular flow rate is converted into a concentration signal by the function of the TALH (61). GTB and tubuloglomerular feedback are interdependent and arranged in a feedback circuit such that the fluid escaping absorption along the proximal tubule can exert negative control over GFR formation (62) . In this circuit it is irrelevant whether the change in NaCl concentration at the sensor site is the result of a change in GFR or in proximal reabsorption (Figure 3) . Tubuloglomerular feedback is tonically active and maintains MD NaCl-and normally also GFR-at levels below those observed without the MD input. The operating point of the system defined as the steady-state GFR at steadystate MD NaCl concentration is located within the steepest part of tubuloglomerular feedback function curve (63) . Thus, both increases and decreases in MD NaCl will cause tubuloglomerular feedback-mediated adjustments of afferent arteriolar resistance. The power of tubuloglomerular feedback to compensate for a flow perturbation is maximal for small changes around the operating point of the system (64, 65 ). An acute change in arterial blood pressure unveils the regulatory effect of tubuloglomerular feedback. Both increases and decreases in arterial pressure elicit parallel adjustments in renal arterial resistance that mainly reflect that of afferent arterioles. These autoregulatory adjustments are impaired in the absence of tubuloglomerular feedback, suggesting that MD input is required to maintain renal blood flow during changes in arterial pressure (66, 67) . In preventing arterial pressure from affecting blood flow and GFR, tubuloglomerular feedback acts in cooperation with at least one additional mechanism, probably the myogenic property of all vascular smooth muscle cells, to respond to increasing luminal pressure with increasing resistance (68) .
Tubuloglomerular feedback regulation of preglomerular resistance also creates a functional link between primary changes in PCT reabsorption and filtered load. Micropuncture studies in NHE3-or AQP1-deficient mice have documented unchanged delivery of fluid into the DCT despite the expected major reductions in PCT fluid reabsorption (69, 70) . Normalization of distal delivery in these cases was due entirely to a reduction of GFR. The cause for the GFR reduction was tubuloglomerular feedback activation because it was not seen when tubuloglomerular feedback was interrupted. Similar correlations between inhibition of PCT fluid transport and GFR have been observed in a range of settings, including administration of carbonic anhydrase inhibitors, claudin2-deficient mice, mice with selective deletion of angiotensin II type 1 receptors for angiotensin II in the proximal tubule, and a mouse model of methyl malonic aciduria (11, (71) (72) (73) . The causes for the GFR reduction in some of these cases appear multifactorial. In addition to tubuloglomerular feedback, they may include effects of elevated tubular pressure and of the constrictor consequences of extracellular volume depletion. Nevertheless, the decrease in GFR is the major reason why catastrophic salt losses are usually not encountered with major failures of proximal reabsorption. The correlation between GFR and proximal reabsorption also holds during primary increments of PCT reabsorption. For example, there is evidence to support the notion that the rise of GFR in rats fed a high-protein diet and in streptozotocin-induced diabetes mellitus is the consequence of tubuloglomerular feedback due to enhanced proximal nephron Na reabsorption (74, 75) .
Thick Ascending Limbs of the Loop of Henle
Much of the evidence for flow-dependent NaCl reabsorption along the loop of Henle is based on in vivo microperfusion studies of the entire loop, including the pars recta. Nevertheless, the furosemide sensitivity of NaCl reabsorption leaves little doubt that flow dependence of loop Na transport is mediated mainly by the TALH (15, 76) . A 4-fold increase in flow rate caused a doubling of NaCl reabsorption, indicating that, in contrast to the proximal tubule, fractional reabsorption of NaCl fell with increasing flow rates (15) . Flow dependence of TALH NaCl transport results from dependence of NKCC2 activity on luminal NaCl concentration (77) . At low flows, luminal NaCl decreases along the length of the TALH from an isotonic or hypertonic starting value to a minimum of about 30 mM at the exit of the cortical TALH. If flow increases (as a result of GFR increases or proximal transport decreases), the fall in NaCl concentration is slowed, and the higher luminal concentrations enhance NaCl transport. Under these conditions, minimum concentrations are not attained, resulting in flow-dependent increases in NaCl concentration at the TALH exit (15, 76, 77, 61) .
TALH cells release several inhibitory mediators in response to increased flow that may partially counteract these effects. For example, an increase in shear stress stimulates the release of ATP, probably mediated by the central cilium (78) . Luminal ATP increases cytoplasmic Ca 21 concentration ([Ca] i ) through activation of apical P2Y receptors (78,79).
[Ca] i then activates NOS3, leading to flow-dependent release of nitric oxide (80) . Increased [Ca] i also activates phospholipase A 2 and causes the formation of 20-HETE, another inhibitor of TALH NaCl transport (81) . The release of these agents may explain why relative changes of TALH NaCl transport are less than those in delivery.
Distal Convoluted Tubule
Although the physiologic significance is less well understood, Na transport in distal tubular segments also depends on rates of Na and/or fluid delivery. In vivo microperfusion measurements (82) indicated a 4-fold increase in net Na transport by the rat DCT when perfused with solutions containing 148 mM Na (similar to plasma) compared with 75 mM Na (similar to distal tubular fluid in vivo). The effect presumably involves NCC because it was largest in the early part of the DCT. The mechanism behind this effect is not clear. It does not seem to involve a simple substrate activation of transport as the measured apparent K m values of both Na and Cl for transport by NCC are ,10 mM (83). It is also not the result of maintaining luminal Na along the nephron as there were only small differences between perfused and collected fluid. It therefore appears to be a regulatory process involving luminal or intracellular Na or Cl concentrations as the perfusion rates were constant and shear stress did not change.
Cortical Collecting Duct
In vitro perfusion of isolated rabbit CCD showed that Na transport, mediated by ENaC, increases with perfusion rate over the physiologic range (84, 85) . In this case, the Na concentration remained constant as the volume flow increased. Again, a simple substrate effect can be ruled out, indicating regulation of the system. Here the most likely signal is mechanical. In a heterologous expression system, the channels were activated by shear stress on the membrane (86) . It is also possible that increased flow dilutes an inhibitory factor such as ATP that might be secreted into the tubular lumen (87, 88) .
Inner Medullary Collecting Duct
As assessed by in vivo microcatheterization of the IMCD, rates of Na 1 reabsorption were proportional to rates of Na delivery to the segment and modified by infusion of KCl (43) . This phenomenon was not observed in isolated perfused tubules (37) , but in that preparation high flow rates abolish the effect of atrial natriuretic peptide (ANP) to inhibit absorption.
Chronic Effects
In addition to the acute effects described above, chronic changes in Na delivery from upstream segments can Figure 3 . | Feedback relationship between GFR and proximal nephron Na reabsorption. While GFR directly determines Na reabsorption and thereby late proximal (LP) flow rate (solid arrow and inset 1), LP flow rate inversely affects GFR (broken arrow and inset 2). The intersection of the two relationships when plotted in the same graph (inset 3) defines the operating point of this feedback system. LP flow rate is an experimentally controllable surrogate of NaCl concentration at the macula densa sensor site. Bold arrows indicate two principal perturbations: a change in filtration forces and a change in Na reabsorption. Insets 4 and 5 indicate that GFR will tend to return to normal with changes in the former but deviate from normal with changes in the latter.
further modulate downstream transport systems. Treatment of animals with furosemide inhibits Na reabsorption in the TALH and increases delivery to the distal nephron. This increases the reabsorptive capacity of the DCT (17, 89) and is accompanied by ultrastructural changes in DCT cells (17, 90) , including increased cell volume (hypertrophy), increased luminal and basolateral surface area, and mitochondrial density. The remodeling of the cells continued in the CNT and CCD (91) , implying that these segments were also affected by chronic increases in delivery rates. These changes attenuate the effects of the diuretic.
The signaling pathways involved in these events are unknown, but it is possible that increased intracellular Na 1 (or Cl 2 ) contributes to the phenomena. DCT cells also undergo hypertrophy in animal models of familial hyperkalemia with hypertension (19) that involve primary upregulation of NCC (92, 93) , thus increasing NaCl entry into the epithelial cells. Conversely, in NCC-knockout mice, the DCT cells undergo atrophy (94) . In the rat CCD, mineralocorticoid infusion also produces hypertrophy (95) associated with increased Na/K-ATPase activity (96) . Activation of the pump was prevented by blocking Na channels with amiloride, suggesting that increased Na entry into the cells was required for this effect.
Effects of Dietary Na and Extracellular Volume
While the responses to flow and Na delivery tend to keep Na outflow constant, matching Na excretion to Na intake requires that the kidneys produce urine with highly variable Na content. Na intake as determined by 24-hour urinary Na excretion varies in different populations from ,1 mmol/d to 250 mmol/d (97) . Changes in intake and body Na content are sensed through alterations in effective arterial blood volume and its effect on pressure-sensitive receptors in the vascular wall, the renal afferent arteriole, and the heart. The activation state of these receptors leads to changes in renal effector systems, such as the reninangiotensin II-aldosterone axis, the renal sympathetic nervous system, and the release of vasopressin and ANP.
The neural and hormonal effector systems regulated by extracellular fluid volume cause changes of Na excretion mainly by changes in tubular Na reabsorption, especially in the distal nephron (Figure 4) . Even with extreme variations in dietary intake, changes in fractional reabsorption are not very large because of the excess amounts of Na filtered under all circumstances. Renal fractional Na reabsorption with plausible 10-fold changes in Na intake vary only between approximately 97% and 99.7%. Thus, even with extreme intake variations, Na reabsorption fluctuates by only about 3% of filtered Na. Because of the gross imbalance between filtered and excreted Na it is not easy to exclude a role of a small change in GFR in the altered rate of Na excretion.
Proximal Nephron
Most evidence suggests that the role of the proximal tubule in the response to changes in Na intake is small. Typically, variations in NaCl intake are not associated with consistent and reproducible changes in GFR or proximal fluid reabsorption (98, 99) . Accordingly, Na delivery to the early DCT as assessed by micropuncture does not change dramatically with Na intake (17,18) (Figure 4) .
The limited role of the PCT in the regulation of the excretion of Na following changes in dietary intake is puzzling because some of the effector systems responding to effective circulating volume (ECV) have clear effects on NaCl reabsorption in the PCT. Activation of the renal sympathetic nervous system stimulates Na transport through a 1 receptors, while renal denervation can reduce rates of Na reabsorption by 40% (100, 101) . During anesthesia, these changes were not accompanied by measurable alterations in renal hemodynamics, but this is less clear in conscious animals (101) . In addition, angiotensin II, in a physiologic dose range, appears to stimulate NaHCO3 reabsorption through activation of NHE3 and to enhance fluid reabsorption through its effect on filtration fraction and peritubular oncotic pressure (102) (103) (104) . Thus, a reduction of ECV with stimulation of the renal nervous system and renin-angiotensin system should lead to stimulation of Na transport in the PCT. Furthermore, dopamine produced in the PCT is known to inhibit both Na,K-ATPase and NHE3 (105, 106) . Because dopamine synthesis is enhanced in ECV expansion, this would be another mediator that should contribute to the regulation of PCT NaCl transport with changes in dietary salt content (106) . The reasons for the apparent neutral net effects of these potent mediators on the regulation of PT absorption by dietary salt intake are complex and will be difficult to untangle. Intra-and intersegmental compensation is likely to occur with blunting of early proximal events by downstream segments. Furthermore, possible interactions between these different agents and between them and other potential transport modulators (such as endothelin, nitric oxide, 20-HETE, cardiotonic steroids, and nucleotides/ nucleosides) could make the final outcome, with respect to net effects on Na transport in the complete system, highly unpredictable. Finally, results from in vitro experimental models could lead to conclusions that do not apply to in vivo conditions.
More dramatic changes in extracellular fluid volume, such as those experimentally induced by the infusion of large fluid volumes, increase GFR and do indeed often reduce fractional fluid reabsorption (107) . These factors combine to cause marked elevations in fluid delivery to the loops of Henle. Furthermore, long-term activation or inhibition of angiotensin II-mediated transport in the proximal tubule can affect BP, presumably through progressive changes of body Na content (71, 108) .
Distal Convoluted Tubule
In vivo microperfusion measurements in rat kidney showed that Na reabsorption in the early DCT doubled under chronic conditions when dietary Na intake was reduced for .1 week (17). This was accompanied by a similar increase in Cl reabsorption and was blocked by thiazides, indicating an effect on NCC-mediated transport ( Figure 5 ). Biochemical measurements on rat kidney indicated an increase in the surface expression of this transporter in Na-depleted animals (109) . The signals mediating this response have not been established. The reninangiotensin-aldosterone (RAA) axis is stimulated under these conditions, and long-term infusion of aldosterone increased NCC expression in some (110,111), but not all (109,112) , studies. However, mineralocorticoids may not be the major regulators of NCC because a high-K diet increases aldosterone secretion but decreases cotransporter activity. Angiotensin II is another candidate for upregulating NCC. In microperfusion experiments, application of angiotensin II increased DCT Na transport by both early and late DCT segments, suggesting upregulation of Na/H exchange and Na channels, respectively (21) . Acute changes in the hormone level in vivo led to redistribution of NCC between the cell surface and intracellular vesicles of DCT cells (113) .
Long-term infusion of this peptide increases NCC expression in rat kidney (114).
CNT/CCD
Dietary Na depletion strongly increases Na transport by the CCD measured in vitro (28,29,115) ( Figure 5 ). Na channel activity rises in parallel (30) , consistent with upregulation of ENaC as the major event in this process. Electrophysiologic Figure 4 . | Effects of glomerulotubular (GT) balance and tubuloglomerular (TG) feedback on delivery of Na to the distal nephron. These feedback loops minimize changes in GFR and in the amount of Na escaping the TALH. Changes in Na reabsorption in the distal nephron, including the DCT, CNT, and collecting duct, effect variations in Na excretion. ang II, angiotensin II; CCD, cortical collecting duct; CNT, connecting tubule; DCT, distal convoluted tubule; J(Na-subscript), sodium flux; OMCD, outer medullary collecting duct; PCT, proximal convoluted tubule; PST, proximal straight tubule; tAL, thin ascending limb; TAL, thick ascending limb of Henle's loop; tDL, thin descending limb. Figure 5 . | Variations in the profile of Na transport during dietary Na restriction (blue line) and dietary K loading (red line). With Na restriction, transport by all distal segments is stimulated. With K loading, Na channel-mediated transport in the CNT and collecting duct, which effectively exchanges Na for K, is augmented, while NaCl cotransport in the DCT is diminished. CCD, cortical collecting duct; CNT, connecting tubule; DCT, distal convoluted tubule; IMCD, inner medullary collecting duct; OMCD, outer medullary collecting duct.
measurements indicated similar responses in the CNT (25) and in the late DCT (DCT2) (26) . In the latter case, the dependence of the channels on dietary salt was shifted with activity appearing at higher levels of Na intake.
The increased Na channel activity observed in the CCD when animals are Na-depleted can be quantitatively mimicked by treatment with aldosterone (30) , suggesting that increases in this hormone account for the chronic response of this segment. Indeed, these segments are collectively referred to as the aldosterone-sensitive distal nephron (ASDN). However angiotensin II acutely increased ENaC activity (116) . Furthermore, chronic angiotensin II elevation can also increase ENaC activity independent of aldosterone (117), indicating separate effects of these two arms of the RAA axis on channel-mediated Na reabsorption.
Dietary Na depletion also upregulates the bicarbonatedependent NaCl transporter in the CCD (32) . This system also appears to be inhibited by ANP (118), a hormone released from the heart in response to expansion of plasma volume (119) .
Inner Medullary Collecting Duct
Split-drop experiments in the IMCD indicated that this segment could also participate in the response to dietary Na depletion (38) . Transport was stimulated modestly by aldosterone and inhibited by amiloride, consistent with an upregulation of ENaC as in the CCD. This idea is supported by biochemical measurements showing increased abundance of a-and bENaC and increased proteolytic cleavage of a-and gENaC in the inner medulla of the rat kidney (33) . ANP decreased amiloride-sensitive O 2 consumption in isolated IMCD cells (120) and net Na reabsorption in IMCD measured in vivo (43) or in vitro (37).
Effects of Dietary K
Changes in dietary K intake also affect Na transport along the nephron. If this occurs with constant Na intake, achieving Na balance demands that K excretion must vary without altering net Na excretion. In this case, the distribution of Na reabsorption along the nephron shifts between more proximal segments (where the K is reabsorbed with Na) and the CNT/CCD (where K is secreted by principal cells in exchange for Na [121] ) ( Figure 5 ).
Acute increases in plasma K are natriuretic (122, 123) . This effect may reflect reduced Na 1 reabsorption in the proximal tubule (124) , the TALH (125), or the DCT (126) . As argued earlier, perturbations in the more proximal segments tend to be largely compensated by GTB and tubuloglomerular feedback. However, inhibition of reabsorption in the DCT will directly increase delivery of Na 1 to the ASDN, stimulating both Na 1 reabsorption and K 1 secretion. Acute K loading leads to a decrease in the phosphorylation of the thiazidesensitive cotransporter NCC (126) , consistent with reduced activity (19) .
Under more chronic conditions, the total amount of NCC as well as phospho-NCC in the cell (127) decreases as K intake increases. The surface expression of NCC also changes reciprocally with dietary K (128) . At the same time, the activity of ENaC in the CCD (129) and CNT (25, 130) rises with the K load, together with parallel upregulation of apical K 1 channels (129,131) and the Na,K-ATPase (129) . These responses will shift Na 1 transport from the DCT, where Na 1 is reabsorbed together with Cl 2 , to the ASDN, where K 1 secretion balances, at least in part, the transport of Na 1 . In this way both Na and K can remain in balance. Achievement of Na balance in the presence of elevated aldosterone levels has been called "aldosterone escape."
The opposite shift will occur when dietary K intake is restricted: NCC surface expression and presumably activity increase, limiting Na delivery to downstream K-secreting segments. This response is exaggerated with simultaneous Na and K depletion (132) . Here, ENaC activity is suppressed, despite low salt intake. NCC abundance increases strongly, indicating that much of the burden of Na retention falls on the DCT under these conditions.
The RAA axis plays an important role in shifting Na reabsorption from one segment to the other. K loading increases aldosterone production independent of angiotensin II, contributing to the upregulation of ENaC, although an aldosterone-independent pathway may also be important (129) . The identities of signals regulating NCC are uncertain. Angiotensin II can stimulate NCC expression independent of aldosterone (114), and it is possible that this hormone may mediate, at least in part, the effects of changes in dietary K. A low-K diet increases plasma renin activity (133) , and angiotensin II levels are likely to change reciprocally with dietary K intake.
